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Abstract 

We investigate the factorization and resummation of t-channel single top (antitop) quark produc- 
tion in the SM at both the Tevatron and the LHC in SCET. We find that the resummation effects 
decrease the NLO cross sections by about 3% at the Tevatron and about 2% at the LHC. And 
the resummation effects significantly reduce the factorization scale dependence of the total cross 
section. The transfer momentum cut dependence and other matching scale dependencies are also 
discussed. We also show that when our numerical results for s- and t-channel single top production 
at the Tevatron are combined, it is closer to the experimental result than the one reported in the 
previous literatures. 



* Electronic address: csli@pku.edu.cn 



I. INTRODUCTION 



Top quark is an interesting particle in the standard model (SM) because of its large mass. 
It may play a special role in the electroweak symmetry breaking mechanism. Its properties 
such as mass lifetime spin, couplings to other particles and production mechanism 
deserve to be studied precisely. 

The hadronic production of the single top production provides an important opportunity 
to study the charged weak current interactions of the top quark, e.g., the structure of the 
the Wtb vertex [Q. Besides, it is a background for many new physics processes. However, 
due to the difficulties to discriminate its signatures from the large background, it is only 
recently that DO 0] and CDF |^ collaborations have observed the single top production at 
the Tevatron. 

In the three main production modes of the top quark, the t-channel is specially important 
because of its largest cross section, which has been extremely studied, including the next- 
to- leading order (NLO) corrections in 0-0. Their results show that the NLO corrections 
are about 5% and 9% at the LHC and Tevatron, respectively. Also, parton shower Monte 
Carlo simulation was considered in |]T3|, H. Threshold resummation for this process was 



calculated in ||15|-[T7[|, where only large soft and coUinear gluon corrections were resummed 
and the resummed cross section was expanded up to 0{al). 

In this paper, we use the framework of soft-coUinear effective theory (SCET) [|T^-|2^ 
to give a resummed cross section of t-channel single top production, which contains all 
contributions from large logarithms in hard, jet and soft functions to all orders. There is a 
strong motivation for performing this calculation because the hard functions of this process, 
compared with soft functions, is not small, but refs. [|T5|-[l7|l only resum the soft and jet 
effects to next-to-next-to-leading logarithmic (NNLL) order, using the traditional method, 
and leave the hard effects unresummed. In the SCET approach, the different scales in a 
process can be separated because the soft and coUinear degrees can be decoupled by the 
redefinition of the fields. At each scale, we only need to deal with the relevant degrees of 
freedom. Their dependencies on the scale are controlled by the renormalization group (RG) 
equations, and the hard, jet and soft effects can be resummed conveniently. 

This paper is organized as follows. In section we give the factorization and resum- 
mation formalism of this process in momentum space. In section [m| , each factor in the 
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resummed cross section is calculated. In section we present the numerical results for 
this process at the Tevatron and LHC, respectively. We conclude in section [V|. 



II. FACTORIZATION AND RESUMMATION FORMALISM 



Following the same factorization formalism as in our previous paper the partonic 
differential cross section of t-channel can be written as 

^^thres ^ rs,/i2E,) 



dtdu 



5^64^^ / dk^ HU^^)Sn{k+,^^)J{s,-2E,k+,^^), (1) 



with 



We use the same definitions of all above notations as ||23[ and also choose the independent 
singlet-octet basis in color space used in PSI. Because of the special color structure of 



this process at leading order (LO), the hard function matrix elements do not contribute to 
the cross section except for Hn at the NLO accuracy. In SCET, there is a RG evolution 
factor connecting the hard scale /ih and the final common scale /i, which would contain 
contributions from non-diagonal elements in its anomalous dimension matrix. However, 
these contributions are so small, as we saw in ref. [m, that we can neglect them. Therefore, 



we can consider this channel as a double deep-inelastic-scattering (DDIS) process [§] and 
assume that the hard function Hu can be factorized into two parts, i.e. H^p and Han, 
which represent corrections from the up fermion line and down fermion line in the Feynman 
diagram |^, respectively. And eq. (P can be simplified to 

J-thres \ /•S4/(2Ei) 

-j^ = J1^^^2 I dk+H^p{^^)HMJis4-2E,k+,f^)S{k+,f,). (3) 



III. THE HARD, JET AND SOFT FUNCTIONS AT NLO 

At the NNLL accuracy, we need the explicit expressions of hard, jet and soft functions 
up to NLO in perturbation theory. In this section, we show the calculations of them. 
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FIG. 1: The LO Feynman diagram of the t-channel single top production. 
A. Hard functions 

The hard functions are the absolute square of the Wilson coefficients of the operators, 
which can be obtained by matching the full theory onto SCET. In practice, we need to 
calculate the one-loop on-shell Feynman diagrams of this process in both the full theory 
and SCET. In dimensional regularization(DR), the facts that the IR structure of the full 
theory and the effective theory is identical and the on-shell integrals are scaleless and vanish 
in SCET imply that the IR divergence of the full theory is just the negative of the UV 
divergence of SCET. After calculating the one-loop on-shell Feynman diagrams, we get the 
hard functions at NLO follows: 

V n,up f^h 



Hup{fih,up) = 1 + ^ r'^'""^ -21n^^ + 61n^ + cf'"^ , (4) 



Hdn{fJ'h,dn) = IH -41n h lOln h q ' , (5) 

47r V ^h,dnm fJ'h^nm J 



with 



cf'"^ = -16 + y , (6) 

2 TT^ 

H,dn ^ _ in(l - A) + 21n2(l - A) + 61n(l - A) + 4Li2(A) - 12 

A 6 

t[s — m^) mf — t 

where A = i/{t ~ mf). The hard functions have a well behaved expansion in powers of the 
coupling constant, if ^h,up and fih^dn are taken to be of order the natural scales, fih^p ~ ^/—t 
and ^h,dn ~ {—i + mf)/mt , respectively. From eqs.(^, |^), we can write the RG equations of 
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hard functions as 



d 



d 



d In/i/i 



Hup(^fJ'h,up) 
Hdn ifJ'h ,dn ) 



dn 



l^h,up / 
cusp + 27X1 ] Hiin{lJ'h,dn) 



Sr^iiori 111" 



-i + ^t , n V 



(8) 
(9) 



where Fcusp is related to the cusp anomalous dimension of Wilson loops with light-like 



segments [24], while 7^ and 7^ accounts for single- logarithmic evolution. Their expressions 



are shown in appendix A. 

After solving the RG equations, we get the hard functions at an arbitrary scale /i: 

-2ar(Mh,up,M) 



Hup{,^J) = exp[4:S{nh,up,fJ') -'2alp{i^h,up,fJ' 
HdnifJ') = exp[2S{f^h,dn,^J')-2a^nif^h,dn,f^ 



-t 

f^h,up 



Hupi^-h. 



up)i 



—t + 

fJ'h,dnmt 



2\ -2ar(/i/i,dn,Ai) 



where S{^h,up, /^) and a^^ are defined as p5 



'^up^l^h,upi Z^) 



da' 



"s(A»h,up) 



and similarly for S{jj,h,dn, fJ'), or and a^. 



B. Jet function 



(10) 



HdnilJ'h^n), (11) 



(12) 
(13) 



The jet function J{p , fi) is defined as |]2B| 

1 f d^p' 



SttNcJ (27r)4 
The RG evolution of the jet function is given by 



Tr(0|x(-P')^ix(-P)|0). 



dJijP', /i) 
(iln/i 



{-2T,^,^ In ^ - 27-^^ J{p\ /i) + 2rc,sp dq 



p2 _ q2 



(14) 



(15) 



To solve this integro-differential evolution equation, we use the Laplace transformed jet 
function: 



i(ln%,/x)=/" dp'^ exp{--^—)J{p'^,^), 



(16) 
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which satisfies the the RG equation 



-j(ln^,yu)= -2rcusp m ^ - 27 j(ln— 



1 fp^\^^ e-"iEV3 



Then the jet function at an arbitrary scale /i is given by 

J(p^/i) = exp[-45(/ij,/i) + 2a^(/ij,/i)]j(<9,;,,/ij)^2 J 
where rjj = 2ar(yUj,yu). The Laplace transformed jet function j{L,fi) at NLO is 

where cf = (7 - fTr^) C^. 



(17) 



(18) 



(19) 



C. Soft function 



The soft function 5'(A;'*", yu), which describe soft interactions between all colored particles, 
is defined as 



iV2 
c 



where 



(21) 



Here T is the time-ordering operator required to ensure the proper ordering of soft gluon 
fields in the soft Wilson line which is defined as 



Yn{x) = P exp (^ig, j dsn-Al{x + sn)t°^ 



(22) 



for incoming Wilson lines, and 



Yn{x) = P exp { -igs J dsn-A'^{x + sn)t'' 



(23) 



for out going Wilson lines, respectively. 

The soft function can be calculated in SCET or in the full theory in the Eikonal approx- 



imation p8|. In DR, actually, we only need to calculate the non- vanishing real emission 
diagrams, as shown in figure |^, which give 
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n„ n, 



rib nt, 




FIG. 2: Non- vanishing diagrams contributing to the soft function at NLO. The contribution from 
the left and right diagrams are denoted as Sbt and Su, respectively. 



5{q'^q - q\)5{k - ni ■ q) 



iq-nb){q-v)' 



(24) 



and 



6{q^q' - q]_)6{k - rii ■ q) 



(q-v) 



respectively. Evaluating these integrals, we get 



In 4 



and 



Su{k,fi) = 6{k)-^<4 



[k,ii] 



+ 5ik)4\, 



[fc,A] 



+ m4 



(25) 



(26) 



(27) 



respectively, where fl = fi/ a/ {2n^i)/ni'^ = {fi{~u)mt)/ {2{—i + mf)Ei). The explicit 
expressions of cf^ and are given in appendix B. And the soft function S{k, fi) = 
Sbt{k,jj) + Sbt{k,fi), similar to the jet function, satisfies the RG equation 



d 



(iln/i 



S{k,^j) 



-2reuspln^ + 27^ 



I'k 

S{k,n) + 2rcusp / dk 
Jo 



,S{k,fi) - S{k',fi) 
k-k' 



(28) 



The solution to this equation is 



S{k,fj.) = exp[-2S{fis,fi) - 2a^{fis,fi)]s{d^^,fis 



1 f kV' e-^^"^' 



k\^J r(?7, 

where rjs = 2ar(/is,/u). The Laplace transformed soft function 's{L,fi) at NLO is given by 

a 



(29) 



?(L,/i) = l + r±|roL2-27o^L + cf 



(30) 



where cf = (2cf, - 4 + ^)Cf. 



D. Final resummed differential cross section 



After combining the hard, jet and soft function together, according to eq. @, we obtain 
the resummed differential cross section for t-channel single top production 



da 



thres 



dtdu 



A 



647riV2s2 



exp \AS{n,h,up-i f^F,up) — 2a]fp(/i/i_up, fiF,i 

exp\2S{Hh,dn, fJ'F,dn) — "^O^nil^h^m l^F,dn 



f^h,up 



~2a-p{fJ.h,up,fJ-F,up) 



I TYX 

e-x^[-AS{iij,iiF,up) + 2a\jjj,HF,up)] ( 



fJ'h,dn'm't 

2\ 



Hup(^f^h,up) 

Hdn{lJ'h,dn) 



exp [-2S'(/is, ^iF4n) - 2a"^(/is, /xf, 



dn 



mt{—i + ■mf)\^' 



j{dn + Lj, fij)s{dr, + Ls, 



(31) 



S4 \mt 

where t] = r]j + r]s and Lj = ln(m^//i^), = ln(mt(— £ + nil)) / {iis{—u)). ^^e above 
expression, we have chosen /i = iiF,up or fi = fiF,dn to avoid the evolution of the parton 
distribution functions. 

If we set scales fih,up, fJ^h^n, fJ^j, fJ's equal to the common scale /i, which is conveniently 
chosen as the factorization scale fiF,up = fJ^F,dn = fi'F, then we recover the threshold singular 
plus distributions, which should appear in the fixed-order calculation. Up to order al, we 
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have 



\ ^i-thres 

QAnN^rs^ didu 
+ 



a. 



5(s4) + ^<!3ro 



ln(s4/m^) 



1 

S4 







"ln^(s4/m^^)" 




I 2 


■54 



+ [^(L,- + 2Ls)Vl - i(5/3o - 97o^ - 187o^)ro] 



ln^(s4/m^^) 



S4 



+3(cf + + cf )ro + (7o' - Hf - M - 47o ) + SFi] 



ln(s4/m^ 

S4 



4 

+ [?^? + {LsTl 



1 

( 

37r2 



+ 2 (37(( - 27o^ - /3o)ro}L^' + {F^L^ + 2(70^ - 7o^)ro^s + (cf + cf )ro + (70' - 27o^ - PoWo 



VI + ri}L, + 2r^L2 + (7o^ - 675" - 2/3o)roL^ + {-^r^ + 2(cf + cf )ro 



4 



+2(27o' - 7o^ + 2/3o)7o + '^'^i}Ls + QCsF^ 



2 ,H H 5/3o, 2 



- - ^-^WT, + (7o^ - 27o" - /3o)cf 



+ (7o^ - 27o^ - 2/3o)cf + 7/ - 27f + {70 " H + + 2L,)ro}cf ] 



1 

S4 



(32) 



where cf^ = cf^'"^ + cf^'*^". We find that all 0{as) and two front 0{a1) singular plus distri- 
bution terms coincide with Kidonakis' [|T5[] . 

Including the remaining terms in the NLO result which we do not resum, we obtain the 
final resummed differential cross section 

da^^^ da'^'"' 



didu 



didu 



didu 



da 



thres 



^l■F,up,^J■F,dn 



didu 



^F,up — f^F^dn — ^h,up — f^h^dn — t^j — /^s 



(33) 



IV. NUMERICAL DISCUSSION 



In this section, we discuss the numerical results of threshold resummation in t-channel 
single top production via SCET. In our calculation, there are four scales, except the two 
factorization scales, fih,up, fJ'h,dn, fJ^j, fJ's explicitly, which are all arbitrary in principle and 
our final results should not depend on them. However, because the Wilson coefficients in 
each matching, expressed as hard, jet and soft functions, respectively, and the anomalous 
dimensions are evaluated in fixed-order perturbation theory, there are residual dependence 
on these scales. To illustrate the reliability of our evaluation, first, we investigate these scale 
uncertainties. In the discussion below, we focus on the scenario at the Tevatron and give a 
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FIG. 3: The variations of Hup{lJ-h,up) and Hdn{fJ-h,dn) with fXh,up and fih,dn, respectively. 

cut to ^/—i^, which is the transfer momentum of this process, because, based on the view 
point of effective theory, only processes of large transfer momentum are considered as hard 
processes with which we are concerned. 



A. Scale choices and uncertainties 

First, we discuss the dependence of Hup{^h,up) on ^h,up- From eq.(|D, in order to avoid 
large logarithms, we choose ^/—t as our natural hard(up) scale. The left curves in figure ^il- 
lustrate the RG effects reduce the dependence of Hup{fih,up) on fih,up- And the correction 
induced by the RG- improved Hup{fih,up) to the LO cross section is about —24%, which is 
significant. The right curves in figure ^ show the RG effects reduce the dependence of 
Hdn{l^h,dn) on jJLh,dn^ where we choose {—i + mf)/mt as our natural hard(down) scale. From 
these curves, we can see that the scale dependence is reduced and its RG-improved correction 
to LO cross section is about —11%. 

Then, we examine the dependence of jet function on fij. Unlike the case of hard functions, 
because we perform the integration convoluting the jet and soft functions analytically, we 
can only choose the natural jet scale through the numerical results. In figure |[ we show that 
the natural jet scale is about 60 GeV around which the contribution of the fixed order jet 
function is minimal. Besides, the RG-improved jet function vary slowly, which indicates that 

^ For s-channel processes, the invariant mass of final state particles provides a natural cut to the transfer 
momentum 
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FIG. 4: The variations of J{fJ-j) and S{fj,s) with fij and fis, respectively. 

the scale dependence is significantly reduced. The correction induced by the RG-improved 
jet function to the LO cross section is about +12%. 

The same case happens in the soft function. In principle, we may consider 2Eik{—t + 
m^) / {—u) / rrit as the natural soft scale. But, in practice, from the numerical results in 
figure ^, we set the natural soft scale at 50 GeV, and find that the correction induced by 
the RG-improved soft function to the LO cross section is about +14%. 

B. Resummed cross sections 

We have chosen all the natural scales needed in this process. Now we give the numerical 
results of the resummed cross section. When discussing each scale dependence, we fixed the 
other scales at the natural scales chosen in the last subsection. 







^J'F,dn 


tJ'F,up & f^F,dn 


o-LoCpb) 


n 0^0+0.064 


n qt^q-0.058 


u.yjy^Q Q;^g 


o-NLo(pb) 


0.9771°:°°^ 




n q77-0.030 
U-y' '+0.026 


O-REs(pb) 






o.948;°:°J2 



TABLE L The variations of the resummed cross section and fixed order cross section with factor- 
ization scales at the Tevatron with ^/S=1.96 TeV, choosing nit = 175 GeV and transfer momentum 
cut > 80 GeV. 

In table |, we vary the factorization scales over the ranges 100 GeV < fJ'F,up, f^F,dn < 
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400 GeV. And table | shows that the resummation effects decrease the NLO cross section 
by about 3%. This is reasonable because we have seen above that the virtual effects are 
negative, and their absolute values are larger than those of jet and soft effects. These 
effects, when resummed to all order, would contribute large negative corrections which even 
overwhelm the positive jet and soft contributions. As a result, the resummed cross section is 
less than the LO order if the same parton distribution functions are applied, just as we did in 
this work. From table | we also can see the factorization scale dependence of resummed cross 
sections is reduced when the two factorization scales vary simultaneously, compared with 
NLO cross sections. But, if the factorization scales vary separately, the scale dependence 
get worse, thought still better than that of LO cross sections. 

In table we show scale dependencies of the resummed cross section, where the scales 
vary over the ranges \/—t/2 < fih,up < 2\/— t, (— t + m^)/mt/2 < fih,dn < 2(— t + m^)/mt, 
30 GeV < fij < 120 GeV and 25 GeV < Hs < 100 GeV. And we can see that their 
uncertainties are all very small. 







l-^h,dn 






o-REs(pb) 


n 048+0.001 


n oAa-O.ooi 

U.y'±0_^Q QQ5 


n oAs-O.OOS 

U.y^O^_Q QQ9 


U.y40_^Q QQ5 



TABLE IL The 

l^h,up: f^h,dn'> l^j ^i^d /ig scale dependencies of resummed cross section at the Tevatron 
with \^=1.96 TeV, taking rrit = 175 GeV and transfer momentum cut \/— t > 80 GeV. 



In table |T|, we show how the value of rrit affects our results. When the value of rrit varies 
from 171 GeV to 175 GeV, the resummed cross sections vary by about 6%. 



mt(GeV) 


171 


172 


173 


174 


175 


o-Lo(pb) 


1.032 


1.013 


0.995 


0.977 


0.959 


o-NLo(pb) 


1.037 


1.026 


1.010 


0.987 


0.977 


O-REs(pb) 


1.008 


0.997 


0.982 


0.959 


0.948 



TABLE III: The rrit dependence of resummed cross section at the Tevatron with v5'=1.96 TeV, 
taking transfer momentum cut > 80 GeV. 



Table |3 gives the transfer momentum cut dependence of the cross sections. It shows that 
the resummed cross section gets smaller when the transfer momentum cut is decreased since 
choosing a smaller transfer momentum cut means that more hard effects are resummed. 
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But as mentioned above, the transfer momentum cut can not be chosen too small for a 
hard process. Therefore, we choose 80 GeV as the natural transfer momentum cut in the 
numerical calculations. 



y^(GeV) 


> 60 


> 70 


> 80 


> 90 


> 100 


o-REs(pb) 


0.920 


0.936 


0.948 


0.957 


0.964 



TABLE IV: The transfer momentum cut dependence of resummed cross section at the Tevatron 
with \/^=1.96 TeV, taking mt = 175 GeV. 



In tables 0, ^l|, [VI I|, |VIII| , and we present the results for the single top (anti- 
top) production at the LHC for different top quark mass with = 7, 10, and 14 TeV, 
respectively. We can see that the resummation effects decrease the NLO cross sections by 
about 2% when the transfer momentum cut is chosen as 80 GeV. And the factorization scale 
dependencies of the cross section are reduced also. 



C. Combined s and t channel cross sections 



Table ^ shows the combined numerical results for s- and t-channel single top pro- 
duction at the Tevatron. From table pO| , we see that our result is closer to the experimental 
result p9] than the one reported in the previous literatures ||T5HT7|. 



V. CONCLUSION 



We have studied the factorization and resummation of t-channel single top (antitop) 
quark production in the Standard Model at both the Tevatron and the LHC with SCET. 
Our results show that the resummation effects decrease the NLO cross sections by about 
3% at the Tevatron and about 2% at the LHC, respectively. And the resummation effects 
significantly reduce the factorization scale dependence of the total cross section when the two 
factorization scales vary simultaneously, compared with the NLO results. We also show that 
when our numerical results for s- and t-channel single top production at the Tevatron are 



combined, it is closer to the experimental result |2^ than the one reported in the previous 



literatures 15-17 
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mt(GeV) 


171 


172 


173 


174 


175 


o-Lo(pb) 


44.9;^i 


44.4;|1 


43.9;|? 




43.o;|^ 


<7NL0(pb) 




42.2;?i 




^-'-•'-'+0.8 


41 l^o-^ 


O-REs(pb) 


41 7-°i 

^-■-•'+0.2 




40.9;°:1 


40 7-0-1 


40 9-0.1 



TABLE V: The cross sections for t-channel single top production at LHC with \fS=l TeV, choosing 
transfer momentum cut > 80 GeV. The factorization scale uncertainties are also shown. 



mt(GeV) 


171 


172 


173 


174 


175 


o-Lo(pb) 


9o-9;I:9 


90.o;I| 




88.4;!:^ 


87.5;Ii 


o-NLo(pb) 


86.1;^:? 


85.5^11 


84.6;1| 


00 Q — 0.8 




<7REs(pb) 


84.4;lii 


QQ — 0.6 

o<3-o+0.1 


82.9_^q;2 


8i.6;lii 


8i-3+o;6 



TABLE VL The cross sections for t-channel single top production at LHC with y/S=10 TeV, 
choosing transfer momentum cut \/—t > 80 GeV. The factorization scale uncertainties are also 
shown. 



mt(GeV) 


171 


172 


173 


174 


175 


o-Lo(pb) 


i67.o;i|^ 


i65.6;l|3 


164.2;i|^ 


162.7;1|? 


i6i.3;}|8 


O-NLo(pb) 


157.2^|;g 


156.9;?j 


155.3^313 


154.9;^J 


152.5;!:° 


O-REs(pb) 


154.3;li 


i54.o;J:? 




i52.o;g:t 


i50.o;?:5^ 



TABLE VIL The cross sections for t-channel single top production at LHC with -\/5=14 TeV, 
choosing transfer momentum cut \/— I > 80 GeV. The factorization scale uncertainties are also 
shown. 
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mt(GeV) 


171 


172 


173 


174 


175 


o-Lo(pb) 




23.6;!:? 


23.4;i:? 


23.i;i:? 


22.9;!:? 


O-NLo(pb) 


'+0.8 


22.6;^ 


22.4;°i 


22.i;SI 




O-REs(pb) 


99 o-O.l 
^^•■^+0.5 


99 9-O.4 
^^•^+0.1 


22.i;J]:? 


21.8;o;2 


21 5-°-^ 



TABLE 
choosing 
shown. 



VIII: The cross sections for t-channel single antitop production at LHC with ^/S=7 TeV, 
; transfer momentum cut y—i > 80 GeV. The factorization scale uncertainties are also 



mt(GeV) 


171 


172 


173 


174 


175 


o-Lo(pb) 


r.n c;-4.5 
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TABLE 
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IX: The cross sections for t-channel single antitop production at LHC with \/S'=10 TeV, 
; transfer momentum cut y—t > 80 GeV. The factorization scale uncertainties are also 
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TABLE 
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X: The cross sections for t-channel single antitop production at LHC with ^/S=14 TeV, 
; transfer momentum cut y—t > 80 GeV. The factorization scale uncertainties are also 



Appendix A: Relevant anomalous dimensions and matching coefficients 



The various anomalous dimensions needed in our calculations can be found, e.g., in |25 



28| , pOf . We list them below for convenience of the reader. The QCD /3 function is 



^ as ^ /tts\2 
/3oT^ + /3i (t^) + 



4:71 



47r/ 



(Al) 



15 



NLO|- 


10 


Res.| 


15 




17 


1 Res. in SCET Experiments. 


2g| 


s-channel 


0.99 


pb 


1.12 pb 


1.04 pb 






t-channel 


2.15 


pb 


2.34 pb 


2.04 pb 






combined s- and t-channel 


3.14 


pb 


3.46 pb 


3.08 pb 


2.76 pb 





TABLE XI: Combination of s- and t-channel single top production at the Tevatron with 
^/S=1.96 TeV. 



with expansion coefficients 

/So 



ft . !|IC1 . (2Ci - H^CC. - If Cl) T.n, ^ (f C. + f ) nnUA2) 

where Ca = 3, Tp = 1/2 for QCD, and Uf is the number of active quark flavor. 
The cusp anomalous dimension is 

2 



-r^ as ^ ^C(s\' 



(A3) 



with 



To 



ACf 



c 



^ ^ 6 27 45 ^ 3 ^ A F / ^ 27 27 

55 16_2„2' 
3 ■ "^V 27-^""^ 



+Cprpn^ -- + I6C3 - T^nn, 



418 40 , 56, 



(A4) 



The other anomalous dimensions are expanded as eq. ([A3| ) , and their expansion coeffi- 
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cients are 



7? = -SCf, 

7; = (-^ + 2vr^ - 24C3) + C,Ca (-^ - yvr^ + 26(3) + C,T,nj + ^tt^) 

7j = C,Ca (^vr^ - f - 4C3) + ^C.T^nj, 



2 8 2 

3 9 



7° = 3C^, 

7; = C'f - 27r2 + 24C3) + CfCa (^y + fn' - I2C3) - CpTpUj 
7? = -3C7f, 

7) = (-^ + - 24C3) + C^C^ (- ™ - + 4OC3) 
/242 4 \ 

+CpT^n; + -Tr'j . (A5) 

7np? 7dn ^"^^ 1^ "^^^ t)e obtained from the anomalous dimensions above through the following 
equations: 

lup = 27g, 
7I = 7g + 7Q, 

7^ = -27^ -7;, + 7,-. (A6) 
Appendix B: Calculation of the soft functions 

In this appendix, we present the details of the calculation of the two 0{as) soft functions 
Sl):\k,fi) and sll\k,fi). We choose to do the calculation in the rest frame of top quark, in 
which the four- velocity of the top quark is f ^ = (1, 0, 0, 0). This choice of the frame makes 
the denominators simple but leave the complexity in the delta functions. Actually, we also 
perform the calculation in the frame where the delta functions is simple but the singularities 



in the denominators are hard to isolate And finally we obtain the same results, which 
can be considered as a cross check for our calculations. 

In the rest frame of top quark, we choose = (1, 0, 0, 1). Then, 

q^ = q+<+q-<+q^^^ ^ ^+ < + ^- < + ^m^, (B1) 
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and 



q ■ ni 



q'^n^ + q n{ 



\ cos 9, q ■ V = q 



{rib + ni) {q+ + q ) 



Substituting these expressions into eq. (^41), we get 



2e /-oo 



dg+ / dq- / dn 



'd-2 



(27r)rf-i Jo - Jo - J \ 

e/, q^n7 + q~nt 

o{K h |g±||ni_L| cos( 

^66 



bb 



Tib ■ V 



q+{q+ + q-)' 



Now redefine the integration variables q^ and q and define a = then 



(27r; 



2e /-oo 



d-1 



dg+ / dg- / d^]d_ 



2n 



66 



5{k — q^ — q +2y' q^q cos I 



rib ■ V 



q+{aq+ + q^) ' 

Introducing two variables x and y such that g"*" = /cyx and g~ = ky{l — x) = kyx, 



2e 



(27r: 



2n 



bb 



nv n 



1 'n 



-l-2e 



dr] 



d-2 



dx 



X 



-l-e 



— 2-v/xxcos6')^^a; " 



QiOC I OC 

The singularity in the integrand can be isolated by 



X 



-l-e 



\ X J 

Completing the above three parts of the integration separately and expanding 



k+ \k+ 



2e 



2e 



k+ 



we get 



2C 



4n 



- [k- 




- * 






"in 4" 




k 



1 , 



[fc,A] 



where 4 = -ln2(l + i) - 2Li2(^) + • 

In a similar but simpler way, we can get = — 41n(l + i). 
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